Four PCR-based DNA fingerprinting techniques were compared for their ability to identify a t the species level a heterogeneous collection of isolates belonging to the six valid Listeria species. 16s rDNA-RFLP analysis identified all species and 16s rDNA-SSCP analysis identified almost all species. Also, isolates with unusual biochemical characteristics and/or unusual antigenic composition could be identified correctly. rRNA-intracistronic length polymorphism analysis suffered from high intraspecific variability, a limited number of fragments per profile, and small length differences between the spacers of different species. tRNA-intergenic length polymorphism analysis resulted in identification of all isolates but one, when fluorescent DNA capillary electrophoresis was used such that fragment length differences of 1 bp could be resolved. The four techniques yielded comparable results relevant to the taxonomy of Listeria. They all indicate a high degree of genetic relatedness between L. innocua and L. welshimeri, homogeneity of L. grayi, distinct but clear relatedness of L. grayi to the other Listeria species, a clear distinction between the two subspecies of L. ivanovii, and a clear distinction between Listeria isolates and isolates from closely related taxa or from species which are phenotypically difficult to distinguish from Listeria. New sequence determination of the 16s rRNA gene was necessary to obtain sequences in accordance with the findings of 165 rDNA-RFLP analysis.
INTRODUCTION
The genus Listeria is very homogeneous, except for L . grayi which is clearly distinct from the other species (4, 7, 22, 30, 34) . The taxonomy of the genus Listeria has been difficult to assess in the past, but molecular methods (4, 30, 32) have clearly demonstrated the existence of six Listeria species (L. monocytogenes, L. ivanovii, L. innocua, L . welshimeri, L. seeligeri and L. grayi) . The former species ' L . murrayi' has been assigned to the species L. grayi (33) . Only L. monocytogenes and L. ivanovii are recognized as significant pathogens of humans and animals. The Listeria species differ in only a few phenotypic characteristics (12, 22, 31) and this high degree of similarity is the source of a lot of confusion in their identification. Furthermore, several other species, such as Bacillus species, Enterococcus species (particularly Enterococcus faecalis) and Cellulomonas (Oerskovia) turbata, are often misidentified as Listeria species by inexperienced microbiologists. Finally, the type strain of L. monocytogenes is phenotypically abnormal (23) and would be difficult to identify if it was encountered as a field isolate.
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On: Thu, 03 Jan 2019 01:01:41 M. Vaneechoutte and others Methods which combine the reliability of genotypic identification with the speed and simplicity of phenotypic methods such as biochemistry and serology, would be more than welcome, particularly in the presence of biochemically and serologically atypical isolates. Four PCR-based DNA fingerprinting methods have been described to enable identification of cultured bacterial organisms to the species level on the basis of genotype: rDNA-RFLP analysis (or A R D R A , amplified rDNA restriction analysis) and rDNA-single-strand conformational polymorphism (SSCP) analysis, which both make use of the speciesspecific sequence information in the 16s rRNA gene; and rDNA-spacer-PCR and tDNA-spacer-PCR, which have been reported to provide species-specific length polymorphism of rRNA intracistronic and tRNA-intergenic spacer regions, respectively. In this study we assessed the suitability of these four methods for the identification of the species of the genus Listeria. ARDRA has been studied most thoroughly and has been used for the identification of species of different taxa, e.g. Acinetobacter (39) , Clostridium (37), Comamonadaceae (4 l), Corynebacterium (40) , Mollicutes (9), Mycobacterium (38) , Leptospira (29) and Streptococcus (1 9), and to study phylogenetic relationships in Bacillus (16) , Clostridium (13) , Moraxella (18) and Xanthomonas (28) .
Widjojoatmodjo et al. (44, 45) used SSCP analysis of part of the 16s rDNA to identify a number of species, including all six Listeria species. Jensen et al. (20) showed that rDNA-spacer-PCR could be used to identify Escherichia species, some Enterobacter and Staphylococcus species and five of the six Listeria species (L. seeligeri was not studied). Others used this approach successfully for the identification of Legionellaceae ( 1 7).
tDNA-spacer-PCR has been used for the identification of Staphylococcus species (42, 43) , Streptococcus species (26) and Acinetobacter species (10, 46) .
METHODS
Bacteria. Table 1 lists the isolates which were used. Besides representatives of all the six valid Listeria species, including the two subspecies of L. ivanovii (3), isolates of the species L. monocytogenes, L. innocua, L. welshimeri and L. ivanovii representing unusual biotypes or atypical antigenic compositions were also included and tested blindly. The Listeria isolates representing atypical biochemical or serological reactions were also tested with API-Listeria galleries (BioMerieux), following the recommendations of the manufacturer. Isolates of genera phylogenetically closely related to Listeria were also included since these may be phenotypically misidentified as Listeria. Sample preparation for PCR. Target DNA was prepared from cells grown overnight at 37 "C on Mueller-Hinton Agar I1 (MHAII ; BBL Microbiology Systems) supplemented with 5 % sheep blood. A 1 p1 volume of cells was suspended in 300 pl 10 mM Tricine/l.5 mM MgC1, and heated at 100 "C for 10 rnin in a heating block. Five microlitres of the supernatant of this boiled cell suspension was used as the target DNA and was added -using filter-protected tips -to 45 pl aliquots of PCR mix for all DNA fingerprinting techniques.
Amplification mixture. All reaction mixtures contained -at a final reaction volume of 50 pl -0.005 U Goldstar polymerase pl-l (Eurogentec), 100 pM each dNTP (Pharmacia Biotech) and 0.2-0.5 pM each primer in reaction buffer [7.5 mM Tris/HCl, 2.5 mM MgCl,, 20 mM (NH,),SO,, 0.1 % (w/v) Tween 20, pH 9-01. After aliquotting in 45 pl volumes, mixtures were overlaid with 40 pl mineral oil.
ARDRA. The 16s rRNA gene (16s rDNA) was amplified using 0.2 pM primers complementary to conserved regions present at the edges of the 16s rDNA. The sequences of the primers were S'TGGCTCAGATTGAACGCTGGCGGC (Escherichia coli nucleotide positions 10-27) and 5'TAC-CTTGTTACGACTTCACCCCA (E. coli nucleotide positions 1507-1485). After initial denaturation at 95 "C for 5 min, the reaction mixtures were cycled 35 times for 45 s at 95 "C, 45 s at 55 "C, and 1 rnin at 72 "C. Finally, a 7 rnin extension period at 72 "C was carried out. The presence and yield of specific PCR products were determined by MultiPurpose (Boehringer) agarose (1 %, w/v) -ethidium bromide (50 ng ml-l) gel electrophoresis for 30 rnin at 7 V cm-l. Ten microlitre aliquots of the amplified DNA were used without further purification for restriction digestion. The following enzymes were used: AluI, AvaI, BanI, BfaI, Bsp12861, BstEII, BstUI, CfoI (HhaI isoschizomer), DraI, EcoT381, HaeIII, HinfI, MboI, MspI, MvaI, NciI, RsaI, Sau961, ScrFI, StyI, TaqI and Tru9I. Restriction digestion was carried out for 1 h at 37 "C, except for TaqI and Tru91, which were incubated at 65 "C, in 20 pl volumes of commercial incubation buffer containing 1 U p1-l restriction enzyme and 5 pl amplified 16s rRNA gene product. Restriction fragments were separated by gel electrophoresis for 3 h at 7 V cm-l on 3 % Metaphor agarose (FMC BioProducts Europe) containing 50 ng ethidium bromide ml-'.
165 rDNA-SSCP analysis. rDNA-SSCP analysis was carried out essentially as described by Widjojoatmodjo et al. (44) . Primers P l l P (5'GAG GAA GGT GGG GAT GAC GT) and P13P (5'AGG CCC GGG AAC GTA TTC AC) were used at concentrations of 0.2 pM to amplify a 216 bp fragment of the V6 region of the 16s rDNA (E. coli 16s rDNA positions 1 175-1 390). After initial denaturation at 95 "C for 5 min, the reaction mixtures were cycled 35 times for 20 s at 95 "C, 1 rnin at 55 "C and 1 rnin at 72 "C. Finally, a 7 rnin extension period at 72 "C was carried out: 0-3 pl volumes of the amplification products were mixed with 6 pl water and 3 pl sequencing buffer (95 YO formamide, 20 mM EDTA, 0.05% bromophenol blue and 0.05% xylene cyanol). The mixture was heated to 95 "C for 5 min and loaded on the gels. The amplification products were separated in non-denaturing 0.5 x MDE gels (FMC BioProducts) containing 5 % glycerol. The gels were run overnight in a Protean I1 xi electrophoresis cell (Bio-Rad) in 0.5 x TBE at room temperature at 90 V. The gels were stained using the Silver Stain Plus kit (Bio-Rad) and the profiles were interpreted visually.
PCR fingerprinting for identification of Listeria species at 94 "C, 2 rnin at 55 "C, and 2 rnin at 72 "C, followed by a final 7 rnin extension period at 72 "C. Twenty microlitres of each amplification product was separated in 4 % polyacrylamide gels using 1 x TBE at constant voltage in a Protean I1 xi electrophoresis cell. The gels were stained in a 1 pg ethidium bromide ml-I solution and photographed under short wavelength UV light. The migration profiles were compared visually.
tRNA-intergenic spacer length polymorphism analysis (tDNAspacer-PCR). tDNA-spacer-PCR was carried out essentially as described by Welsh & McClelland (42) . Primers T5A (5'AGT CCG GTG CTC TAA CCA ACT GAG) and T3B (5'AGG CCG CGG GTT CGA ATC C) were used at concentrations of 0.5 pM to amplify the spacer regions between the tRNA genes. For analysis by capillary electrophoresis the T3B primer was labelled at the 5'end with the fluorescent amidite TET (Applied Biosystems). After initial heating at 95 "C for 7 min, reaction mixtures were cycled 40 times for 30 s at 95 "C, 30 s at 50 "C and 2 rnin at 72 "C, followed by final extension for 7 rnin at 72 "C. Capillary electrophoresis of fluorescently labelled PCR products was done on an ABI 310 (Applied Biosystems) using the POP-4 polymer and capillaries and with the TAMRA-500 standard as the internal lane size standard. 165 rDNA sequence determination. An approximately 1.45 kb segment of the 16s rRNA gene was amplified using primer 41f (5'GCT CAG ATT GAA CGC TGG CG) and the biotin-labelled primer 14881-(S'biotin-CGG TTA CCT TGT TAC GAC TTC ACC). Forty microlitres of the PCR sample were added to Dynabeads M280 Streptavidin (Dynal), the DNA was denatured and the biotin-labelled single strand was immobilized onto the beads and used as one template for the sequencing reaction using fluorescent primers 358f (5' AGA CTC CTA CGG GAG GCA GCA GT), 536f [5' GTG CCA GC(AC) GCC GCG GTA ATA C] and 928f [5' TAA AAC T(CT)A AA(GT) GAA TTG ACG GGG]. The opposite strand remaining in solution was also used as template using fluorescent primers 336r [5' ACT GCT GCS (CT)CC CGT AGG AGT CT] and 51.51-[5' G(AT)A TTA CCG CGG C(GT)GCTG GCA C]. Sequencing reaction products obtained by using the T7 Autoread kit (Pharmacia Biotech) were processed using an ALF DNA sequencer (Pharmacia Biotech) and the ALF manager software. DNA sequence comparisons were done using the HIBIO DNASIS software package (Hitachi).
Published Listeria sequences were obtained from the EMBL database and the database included in the ARB package (see below). Tree construction was done using the ARB software package developed by Oliver Strunk, Wolfgang Ludwig and others from the Microbiology Department of the Technical University, Munich, Germany. The software version for Linux and the database (6aug9.ascii.arb) were obtained by anonymous ftp from ftp.biol.chemie.tu-muenchen.de. Computer-assisted restriction analysis of the 16s rRNA gene was carried out with HIBIO DNASIS on EMBL sequences X56148-X56154 (7) and on the sequences obtained in the present work. Distance values were calculated using the neighbour-joining method with Kimura correction.
RESULTS

ARDRA
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11 These isolates were formerly ' L. murruyi '. values are given in Table 3 and a tree representation of this calculation is shown in Fig. 2 . The sequences obtained in the present study differ from those obtained previously (7, 8) . The number of differences (not counting undefined bases as differences and comparing with the best corresponding to previously published sequences for each species) was between 3 bp (with L. seeligeri sequence X56148) and 8 bp (with L. grayi sequence X56150). To construct a tree based on the 16s rRNA sequences of the Listeria species studied here, they were imported into the ARB package and aligned manually to match the alignment of the Listeria sequences determined previously (7, 8). A phylogenetic tree containing the published sequences and a combined tree containing also the sequences obtained in this study were constructed (data not shown). The clustering of the species in all three trees did not show significant differences. Thus, the sequence discrepancies found between published and new sequences had no influence on the determination of phylogenetic relationships, although there were less interspecific differences for the newly determined sequences. Computer-aided restriction digestion of the newly determined sequences corresponded perfectly with the observed ARDRA patterns, except for two minor discrepancies (Table 2) .
rDNA-SSCP analysis
The results of the rDNA-SSCP analysis are reported in Table 1 and are illustrated in Fig. 3 . Seven profiles were obtained for the six Listeria species examined. The profiles were composed of two or four bands. Five Listeria species and subspecies (L. 
londoniensis and L. grayi) had specific and homogeneous profiles. The eight L. welshimeri isolates presented two different profiles, and for three of these isolates this profile was identical to the unique L. innocua profile (Table 1) . Electrophoresis was also performed under different conditions (four different buffer systems, electrophoresis at 6 "C or at room temperature, addition of 0 or 10% glycerol). The profiles obtained varied markedly, depending on the conditions used, but some or all L. welshimeri isolates remained indistinguishable from L. innocua, whereas differentiation of other species became difficult or impossible (data not shown).
r DNA-spacer-PCR
Analysis of the PCR products by PAGE showed that 21 profiles could be found among the 37 isolates tested (Fig. 4, Table 1 ). Several profiles were found within each species, except for L. welshimeri (for which only two isolates were tested). The profiles were composed of one main band and one or several minor bands. The variation within a species relied on both the minor and the main bands. Because of the variability within the species it was difficult to define reliable diagnostic criteria for species identification. rDNA-spacer-PCR was clearly reproducible. When repeating electrophoresis with new amplification products from the same strains, the same pofiles were obtained and the same differences between profiles were reproducibly detectable.
t DNA-spacer-PCR
The discriminatory power of tDNA-spacer-PCR depended highly on the resolving power of the electro- phoresis technique used. Agarose gel electrophoresis and 5 % PAGE were not sufficiently discriminatory for interpretation of the tDNA-spacer-PCR profiles (data not presented). intraspecific differences were observed, several -inter-PCR and inter-electrophoresis run -reproducible differences between the species were present and enabled clustering into groups corresponding with established taxonomy (Table 4 , Fig. 5 ). For instance, L. monocytogenes isolates were characterized by the presence of a 284, 285 or 286 bp peak, absent in all other isolates. Two L. monocytogenes isolates [SLCC 2374 (LIS9) and SLCC 2376 (LIS1 l)] lacked this peak, but could be differentiated from all other species by the presence of a 265 and a 267 bp peak (Fig. 5) . L. innocua showed most intraspecific heterogeneity and had most peaks in common with L. monocytogenes, from which it could only be differentiated by the absence of the 284-286 and the 267 bp peaks. The profile of one L. innocua isolate (TI6520) showed combined characteristics of L. innocua, L. welshimeri and L. monocytogenes profiles (Table 4) , and thus, despite repeated testing, could not be identified. This is the same isolate with a slightly aberrant BstUI restriction pattern ( 
L. ivanovii
Fig. 4. rDNA-spacer-PCR profiles as observed after 5 % PAGE and ethidium bromide staining (negative image).
For tDNA spacer amplification, reproducibility problems of the amplification step were observed. Upon analysis with agarose gel electrophoresis and PAGE, sometimes additional peaks were observed depending on the PCR run and relative peak height was variable between PCR runs (data not shown). Similar problems have been observed with e.g. arbitrarily primed PCR (36) . However, highly identical profiles for different PCR runs were observed using capillary electrophoresis.
Aty pi ca I isolates
The molecular identification of atypical L. ivanovii subsp. londoniensis and of all the atypical L. monocytogenes and L. seeligeri using ARDRA, rDNA-SSCP analysis (Table I) , and tDNA-spacer-PCR analysed on capillary electrophoresis was in full agreement with the results obtained with the API galleries ( Table 1 ). The phenotypically atypical L. innocua and L. welshimeri isolates could only be definitely identified by ARDRA and tDNA-spacer-PCR.
DISCUSSION
Because of their high phenotypic similarity, only a limited number of biochemical tests can be used to differentiate the Listeria species from one another (3 1). This is particularly true for L. monocytugenes and L. innocua, which must be clearly distinguished because of the health hazard represented by the former but not by the latter. However, both the haemolysis and the Christie-Atkins-Munch-Petersen (CAMP) test with Staphylococcus aureus, which are the distinctive criteria for these two species, are not always easy to interpret because some L. monocytogenes isolates produce only very faint haemolysis and/or weakly positive CAMP reaction. A positive CAMP reaction with Rhodococcus equi has recently been proposed as an additional identification criterion for L. monocytogenes (11). However, this test has long been controversial and has not been adopted by all laboratories. Its validity also heavily depends on the R. equi strain used for the reaction (1 1). Several commercial galleries have recently been developed to make the identification of Listeria species easier (1, 2, 24). Nevertheless, since some identifications still rely on a unique characteristic (2) for which some isolates may show an ambiguous reaction, additional tests like haemolysis and CAMP may still be necessary for a correct identification (24). Furthermore, biochemically abnormal isolates are regularly encountered during routine identification of Listeria isolates. Thus, in spite of tremendous improvements in commercial kits, phenotypic identification still remains difficult for a proportion of the isolates (1, PCR fingerprinting for identification of Listeria species 2). In such cases, rapid and reliable confirmation based on genetic criteria remains of great interest. We evaluated the effectiveness of four of the PCR fingerprinting techniques for the identification of isolates of the genus Listeria. ARDRA enabled differentiation among all six species and between the two L . ivanovii subspecies, although only minor differences were detected between the non-haemolytic species L . innocua and L. welshimeri and between both L . ivanovii subspecies. High discriminatory power was also obtained with rDNA-SSCP analysis (44), which identified all the Listeria species, except L. innocua and some L. welshirneri isolates, which shared indistinguishable profiles under several of the electrophoresis conditions tested. Since the sequences of the 16s rRNA gene regions amplified for SSCP analysis diverge at only one position for these two species, this lack of discrimination is not unexpected. A more recent study (45) showed that SSCP analysis of the rDNA required two different primer sets to differentiate all six Listeria species. Since six copies of the rRNA-operon are present in the genome of Listeria species (27) , it is possible that the four bands observed in some of the L. welshimeri isolates rely on the simultaneous presence of two distinct alleles of the rRNA operon in the genome of these particular isolates. Jensen et a/. (20) reported that Listeria isolates can be identified on the basis of the sizes of the 16s-23s intracistronic rDNA spacers. The molecular sizes of the major fragments obtained by this method in the present work were approximately the same as those originally described. However, we found on several occasions differences in the banding profiles of isolates belonging to the same species, sometimes even in the major bands which have been suggested as diagnostic markers for species identification (Fig. 4) . In our hands, this technique was therefore not useful for easy identification of the species of the genus Listeria, because of the lack of species-specific bands within the profiles of some species and because sometimes only minor electrophoretic migration differences were o bserved between profiles of different species. The reason for the discrepancy between both studies is not known, but the differences may be due to the use of different populations of Listeria isolates. Although we examined less isolates than Jensen et al. (20) , the isolates used here were selected to cover a large spectrum of serotypes and may represent a more heterogeneous population than that used by these authors. Our results suggest that the sequence and length variability of the rDNA spacers may be greater than expected in the genus Listeria and that, as in other species ( 5 , 14, 15, 25) , rDNA-spacer-PCR may be used as a typing tool rather than an identification tool. Jensen & Straus (21) pointed to the need for using special amplification conditions -i.e. low concentration of polymerase and polymerase buffer -to avoid multiple banding patterns. However, we obtained identical profiles when using these special conditions (data not shown). Capillary electrophoresis could reproducibly separate fragments differing by only a single base pair in length and only this high resolution enabled sufficient discrimination between the tDNA PCR profiles. Enhanced tDNA-PCR reproducibility by the use of capillary electrophoresis may be explained by the fact that the high resolution offered by this electrophoresis technique enables the detailed analysis of smaller sized fragments (basically in the range 60-300 bp), which may be more reproducibly amplified. However, the subtlety of the observed differences, the peak height variability, the possible interference of background amplification products and the huge intraspecific variability (as was also observed with 5 % PAGE) require careful evaluation of the practical applicability of tDNA-spacer-PCR. It can be concluded that thorough standardization of PCR conditions, high-resolution electrophoresis, and powerful pattern recognition and clustering software are needed to automate species identification based on tDNAspacer-PCR. In addition to biochemical characterization, Listeria isolates may also be differentiated on the basis of their antigenic composition. Thirteen somatic antigens and five flagellar antigens have been described in the Listeria species and are currently used for serotyping (35 (Table  3) . Finally, the fingerprints obtained for L. grayi differed most from those of all the other Listeria species, thus confirming its distance from the rest of the genus (4, 7, 12, 31) . L. grayi was found to be homogeneous with all techniques (except with rDNAspacer-PCR), which is in agreement with the recent grouping of L. grayi and ' L . murrayi' into one unique species (3 3).
Co ncl us i o ns
In conclusion, the previously published 16s rRNA gene sequences of all six Listeria species have been updated and now fit the restriction profiles obtained by ARDRA. In our hands, ARDRA performed best with respect to both discriminatory power and practical applicability. Satisfactory results were obtained with rDNA-SSCP analysis and tDNA-spacer-PCR, although the former requires thorough standardization of electrophoresis conditions and the use of additional primer sets, and the latter requires high-resolution electrophoresis. All of these techniques also allowed the reliable identification of biochemically and serologically atypical Listeria isolates. The data reported here confirm a high genetic relatedness between most Listeria species and suggest a closer relationship than expected between the two non-haemolytic species L. innocua and L. welshimeri, which also share common serotypes. 
